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Podocyte dysfunction plays an essential role in the
pathogenesis of proteinuria and glomerulosclerosis.
However, the mechanism underlying podocyte dys-
function in many common forms of chronic kidney
diseases remains poorly understood. Here we tested
the hypothesis that podocytes may undergo epitheli-
al-to-mesenchymal transition after injury. Condition-
ally immortalized mouse podocytes were incubated
with transforming growth factor (TGF)-f31, a potent
fibrogenic cytokine that is up-regulated in the dis-
eased kidney. TGF-1 suppressed the slit diaphragm-
associated protein P-cadherin, zonula occludens-1,
and nephrin, a change consistent with loss of the
epithelial feature. Meanwhile, TGF-B1 induced the ex-
pression of the intermediate filament protein desmin
and interstitial matrix components fibronectin and
collagen I. Furthermore, TGF-B1 promoted the ex-
pression and secretion of matrix metalloproteinase-9
by podocytes. Functionally, TGF-f31 increased albu-
min permeability across podocyte monolayers, as
demonstrated by a paracellular albumin influx assay.
The expression of Snail, a key transcriptional factor
that has been implicated in initiating epithelial-to-
mesenchymal transition, was induced by TGF-£31, and
ectopic expression of Snail suppressed P-cadherin
and nephrin in podocytes. In vivo, in addition to loss
of nephrin and zonula occludens-1, mesenchymal
markers such as desmin, fibroblast-specific protein-1,
and matrix metalloproteinase-9 could be observed in
glomerular podocytes of diabetic nephropathy. These
results suggest that podocyte dedifferentiation and mes-
enchymal transition could be a potential pathway lead-
ing to their dysfunction, thereby playing a role in the
genesis of proteinuria. (4m J Pathol 2008, 172:299-308;
DOI: 10.2353/ajpath.2008.070057)

Proteinuria, the clinical manifestation of structural and
functional defects in glomerular filtration barrier, occurs
often in the early stage of many forms of primary glomer-
ular diseases. A large body of evidence suggests that the
podocyte foot processes and slit diaphragm are pivotal
components of the glomerular filter, and disruption of
their integrity is a critical event in the development of
proteinuria and nephrotic syndrome in a variety of inher-
ited and acquired glomerular disorders.”® Many genetic
studies have underscored that podocyte slit diaphragm-
associated proteins, such as nephrin and podocin, play
an essential role in establishing the size-selective filtra-
tion barrier of the kidney, and mutations or deletions of
the genes encoding these proteins are consequently as-
sociated with the development of proteinuria in both an-
imal models and patients.*~” However, mutations in the
slit diaphragm-associated proteins are rare in most com-
mon forms of chronic kidney diseases such as diabetic
nephropathy.87'° In this regard, the pathogenesis of
podocyte dysfunction in the vast majority of acquired
proteinuric kidney diseases remains to be elucidated.
Podocytes are specialized, terminally differentiated vis-
ceral epithelial cells that reside on the glomerular basement
membrane (GBM) outside the glomerular capillaries.” In
response to injurious stimuli, they often undergo a range
of adaptive changes, including hypertrophy, dedifferen-
tiation, detachment, and apoptosis, depending on the
severity and duration of the injury."'~'® Because of their
limited proliferative capacity, podocyte detachment from
GBM and apoptosis will inevitably lead to cell depletion
or drop out, which could reduce podocyte density, re-
sults in an impaired glomerular filtration, and causes
proteinuria.’ =" However, podocyte depletion often
takes place in the advanced stage of chronic kidney
disease in which proteinuria is already prominent. Recent
experimental evidence also demonstrates that podocyte
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detachment and apoptosis significantly lag behind the
onset of proteinuria, arguing against a causative role of
podocyte loss in the genesis of proteinuria.’®'® In this
context, it is conceivable to speculate that the aberrant
regulation of podocyte differentiation or function, rather
than podocyte depletion, could be an initial cause of
proteinuria in many clinical circumstances.

Similar to the cells in most parts of the nephron, podo-
cytes are developmentally derived from the metanephric
mesenchyme through mesenchymal-to-epithelial trans-
differentiation. This raises an interesting possibility that
the podocyte may undergo epithelial-to-mesenchymal
transition (EMT), a process of reverse embryogenesis
that occurs in diseased kidney as well as in many other
organs under pathological conditions.?%?' It is widely
recognized that renal tubular epithelial cells are able to
undergo EMT after chronic injury®?-2%: a process that is
believed to play a critical role in generating matrix-produc-
ing fibrogenic cells and in causing tubular atrophy and
dysfunction.?®2® In analogy to tubular EMT, we hypothe-
sized that mesenchymal transition of podocytes after injury
may play a vital role in causing podocyte dysfunction that
ultimately leads to a defective glomerular filtration.

In this study, we have investigated the possibility of podo-
cyte EMT in a conditionally immortalized mouse podocyte
cell line by incubating with transforming growth factor
(TGF)-B1, a potent EMT inducer that is up-regulated in
diseased kidneys.?” Our results suggest that EMT could be
a potential pathway leading to podocyte dysfunction and
proteinuria under pathological conditions.

Materials and Methods

Cell Culture and Treatment

The conditionally immortalized mouse podocyte cell
line was kindly provided by Dr. Peter Mundel (Mount
Sinai School of Medicine, New York, NY).28 To propa-
gate podocytes, cells were cultured at 33°C in RPMI
1640 medium supplemented with 10% fetal bovine se-
rum and 10 U/ml mouse recombinant interferon-y (R&D
Systems, Minneapolis, MN) to enhance the expression
of a thermosensitive T antigen. To induce differentia-
tion, podocytes were grown under nonpermissive con-
ditions at 37°C in the absence of interferon-y for 14
days. Podocytes were treated under differentiating
condition with recombinant TGF-B1 at the concentra-
tion of 2 ng/ml, unless otherwise indicated. For some
experiments, podocytes were kept in RPMI 1640 me-
dium supplemented with 100 nmol/L 1,25-dihydroxyvi-
tamin D5 and 1 wmol/L all-trans retinoic acid (Sigma, St.
Louis, MO) to induce nephrin expression, as recently
described elsewhere.?® Cells were then collected at
different time points for subsequent analyses. For
some studies, podocytes were transfected with Snail
expression vector (pHA-Snail; provided by A. Garcia
de Herreros, Universitat Pompeu Fabra, Barcelona,
Spain) by using Lipofectamine 2000 reagent (Invitro-
gen, Carlsbad, CA).

Animal and Human Tissue Samples

Mouse kidney tissues were prepared from a uninephrec-
tomized diabetic model, as described previously.*°
Briefly, male CD-1 mice underwent uninephrectomy 1
week before intravenous injection of streptozotocin
(Sigma) at 150 mg/kg body weight. A group of mice that
underwent sham operation and received no streptozoto-
cin injection served as normal control. Three months after
injection of streptozotocin, mice were sacrificed, and the
kidney was analyzed as described previously.*° Human
diabetic kidney specimens were obtained from diagnos-
tic renal biopsy performed at the University of Pittsburgh
Medical Center. As normal controls, nontumor kidney
tissue from the patients who had renal cell carcinoma and
underwent nephrectomy was used. All studies involving
animal model and human tissues were approved by the
Institutional Animal Care and Use Committee and the
Institutional Review Board, respectively, at the University
of Pittsburgh.

Western Blot Analysis

Western blot analysis for specific protein expression was
performed essentially according to an established proce-
dure.®"®2 The primary antibodies used were as follows:
rat monoclonal anti-P-cadherin (R&D Systems), rabbit
polyclonal anti-desmin (MP Biomedicals, Solon, OH), an-
ti-a-tubulin, and anti-matrix metalloproteinase (MMP)-9
(Sigma), and anti-fibronectin (sc-9068; Santa Cruz Bio-
technology, Santa Cruz, CA). Quantification was per-
formed by measuring the intensity of the bands with the
use of the National Institutes of Health Image analysis
software.

Immunostaining

Indirect immunofluorescence staining was performed us-
ing an established procedure.®'32 Briefly, cells cultured
on coverslips were fixed with cold methanol:acetone (1:1)
for 10 minutes at —20°C, followed by blocking with 20%
normal donkey serum in phosphate-buffered saline (PBS)
for 30 minutes at room temperature. Cells were incubated
with the specific primary antibodies against P-cadherin,
desmin, fibronectin, and MMP-9, as described above,
and rabbit polyclonal anti-ZO-1 (61-7300, Invitrogen). To
visualize the primary antibodies, cells were stained with
cyanine Cy2-conjugated secondary antibodies (Jackson
ImmunoResearch Laboratories, West Grove, PA). As a
negative control, the primary antibody was replaced with
nonimmune 1gG, and no staining occurred. Cells were
double stained with 4’,6-diamidino-2-phenylindole HCI to
visualize the nuclei. Kidney sections from paraffin-em-
bedded tissues were prepared at 4-um thickness and
stained for WT-1 and TGF-B type | receptor (Santa Cruz
Biotechnology), desmin, MMP-9, ZO-1, nephrin (Progen,
Heidelberg, Germany) and fibroblast-specific protein-1
(Fspl, also known as S100A4; DAKO, Carpinteria, CA),
respectively, using a routine procedure.®® Stained slides
were viewed under an Eclipse E600 Epi-fluorescence
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Table 1. The Sequences of the PCR Primer Pairs Used in This Study
GenBank
Gene accession number Sense Antisense Product size
Z0-1 NM_009386 5'-TAGCACGGACAGTAGACACA-3" 5'-ATGGAAGTTGGGGTTCATAG-3’ 635 (a™)
Fibronectin NM_010233 5'-CGAGGTGACAGAGACCACAA-3" 5'-CTGGAGTCAAGCCAGACACA-3’ 149
Collagen | NM_007742 5'-ATCTCCTGGTGCTGATGGAC-3’ 5'-ACCTTGTTTGCCAGGTTCAC-3' 154
Desmin NM_010043 5'-TGCAGCCACTCTAGCTCGTA-3’ 5'-GACATGTCCATCTCCACCTG-3' 150
MMP-9 NM_013599 5'-CACCACCACAACTGAACCAC-3" 5'-CTCAGAAGAGCCCGCAGTAG-3' 199
MMP-2 NM_008610 5'-AAGGGGATCCAGGAGCTCTA-3' 5'-GCTTGTCACGTGGTGTCAC-3' 199
Snail NM_011427 5'-AGCCCAACTATAGCGAGCTG-3' 5'-CCAGGAGAGAGTCCCAGATG-3' 150
B-Actin NM_007393 5'-CAGCTGAGAGGGAAATCGTG-3" 5'-CGTTGCCAATAGTGATGACC-3’ 150
P-cadherin X06340 5'-GATTTTGAGGCTCAGGACCA-3’ 5'-GACCTTGGAAGGTGGAACAA-3' 150
Nephrin NM_019459 5'-CCCAGGTACACAGAGCACAA-3" 5'-CTCACGCTCACAACCTTCAG-3’ 200

microscope equipped with a digital camera (Nikon,
Melville, NY).

Gelatin Zymographic Analysis

Zymographic analysis of MMP proteolytic activity in the
supernatant of cultured cells was performed according to
the method described previously.?232 Briefly, a constant
amount of protein from the conditioned media (15 ug)
was loaded onto 10% sodium dodecy! sulfate-polyacryl-
amide gel containing 1 mg/ml of gelatin (Bio-Rad Labo-
ratories, Hercules, CA). After electrophoresis, the gel was
incubated at 37°C for 16 to 36 hours in a developing
buffer containing 50 mmol/L Tris-HCI, pH 7.6, 0.2 mol/L
NaCl, 5 mmol/L CaCl,, and 0.02% Brij 35. The gel was
then stained with a solution of 30% methanol, 10% glacial
acetic acid, and 0.5% Coomassie blue G250, followed by
destaining in the same solution without dye. Proteinase
activity was detected as unstained bands on a blue back-
ground representing areas of gelatin digestion.

Reverse Transcriptase-Polymerase Chain
Reaction (RT-PCR) Analysis

Total RNA was prepared using a TRIzol RNA isolation
system according to the instructions specified by the
manufacturer (Invitrogen). The first strand of cDNA was
synthesized using 2 ug of RNA in 20 ul of reaction buffer
using AMV-RT (Promega, Madison, WI) and random
primers at 42°C for 30 minutes. PCR was performed
using a standard PCR kit on 1-ul aliquots of cDNA and
HotStarTaq polymerase (Qiagen Inc., Valencia, CA) with
specific primer pairs. The sequences of primer pairs are
shown in Table 1. The PCR products were size fraction-
ated on a 1.0% agarose gel and detected by ethidium
bromide staining. No detectable signal was found in a
parallel control tube without RT (data not shown).

Albumin Influx Assay

A simple albumin influx assay was used to evaluate the
filtration barrier function of podocyte monolayer, as de-
scribed previously.3* Briefly, podocytes (5 X 10°) were
seeded onto the collagen-coated transwell filters (3-um
pore; Corning, New York, NY) in the top chamber and

cultured under differentiating conditions. After 10 days,
podocytes were serum-starved overnight and treated
without or with 2 ng/ml of TGF-B1 for 48 hours. Cells were
washed twice with PBS supplemented with 1 mmol/L
MgCl, and 1 mmol/L CaCl, to preserve the cadherin-
based junctions. The top chamber was then refilled with
0.15 ml of RPMI 1640 and the bottom chamber with 1
ml of RPMI 1640 supplemented with 40 mg/ml of bo-
vine serum albumin and incubated at 37°C. A small
aliquot of media from the top chamber was collected at
different time points and the albumin concentration
was determined using a bicinchoninic acid protein as-
say kit (Sigma).

Statistical Analysis

All data examined were expressed as mean = SEM.
Statistical analysis of the data were performed using
SigmaStat software (Jandel Scientific Software, San
Rafael CA). Comparison between groups was made us-
ing one-way analysis of variance, followed by Student-
Newman-Keuls test. A P value of less than 0.05 was
considered significant.
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Figure 1. TGF-B1 inhibits P-cadherin expression in podocytes. A and B:
Western blot analyses show that TGF-B1 inhibited P-cadherin protein ex-
pression in a time- and dose-dependent manner. Mouse podocytes were
incubated with either the same concentration of TGF-1 (2 ng/ml) for various
periods of time as indicated (A), or increasing amounts of TGF-B1 for 72
hours (B). Cell lysates were immunoblotted with antibodies against P-cad-
herin and a-tubulin, respectively. C and D: Immunofluorescence staining
shows the localization of P-cadherin in control (C) or TGF-B1-treated podo-
cytes (D). Arrowheads indicate the positive P-cadherin staining. Scale bar =
10 pm.
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Figure 2. TGF-B1 suppresses ZO-1 expression in podocytes. A and B:
RT-PCR demonstrates that TGF-B1 inhibited ZO-1 mRNA expression in podo-
cytes. Podocytes were incubated with either the same concentration of
TGF-B1 (2 ng/mlD) for various periods of time as indicated (A), or increasing
amounts of TGF-B1 for 72 hours (B). Shown is the PCR product of ZO-1 a™
isoform with 635 bp in size. RT-PCR amplification of housekeeping B-actin
was performed in an identical manner to serve as controls. C and D:
Immunofluorescence staining shows the localization of ZO-1 in control (C)
or TGF-B1-treated podocytes (D). Arrowheads indicate the positive ZO-1
staining. Scale bar = 10 um.

Results

TGF-B1 Suppresses Epithelial P-Cadherin
and ZO-1 Expression in Podocytes

Podocyte slit diaphragm, a modified P-cadherin-containing
adherens junction, is an essential component of the glomer-
ular filtration barrier. We first examined the expression of
P-cadherin in podocytes after TGF-B1 treatment. As shown
in Figure 1A, treatment of podocytes with TGF-g1 at a
concentration of 2 ng/ml markedly suppressed P-cadherin
protein expression in a time-dependent manner. Western
blot analysis revealed that P-cadherin started to decrease
as early as 24 hours and almost completely disappeared at
72 hours after TGF-B1 treatment. The suppression of P-
cadherin expression by TGF-B1 in podocytes was also
dose-dependent (Figure 1B). Immunofluorescence staining
exhibited that P-cadherin was primarily localized in the cell-
cell junctional sites of the differentiated podocytes (Figure
1C), and its staining primarily disappeared after TGF-B1
treatment (Figure 1D).
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Figure 4. TGF-B1 induces desmin expression in podocytes. A: RT-PCR
analysis demonstrates that TGF-B1 stimulated desmin mRNA expression in
podocytes. RT-PCR amplification of housekeeping B-actin was performed in
an identical manner to serve as controls. B: Western blot analysis shows
marked induction of desmin protein in podocytes by TGF-B1. Podocytes
were incubated with TGF-B1 (2 ng/mD for various periods of time as
indicated. Cell lysates were immunoblotted with antibodies against desmin
and a-tubulin, respectively. C: Representative photographs of desmin visu-
alized by indirect immunofluorescence staining in the control and TGF-B1-
treated podocytes. Scale bar = 10 um.

Zonula occludens-1 (Z0-1), a tight junction-associated
protein, locates at the slit diaphragm and is linked
through catenin intermediates to the transmembrane pro-
teins Neph1 and P-cadherin.®® RT-PCR showed that
TGF-B1 inhibited ZO-1 mRNA expression as early as 12
hours (Figure 2A). This suppression of ZO-1 by TGF-B1
was also dose-dependent (Figure 2B). Immunofluores-
cence staining showed abundant ZO-1 at the sites of
cell-cell contacts, with a characteristic zipper-like pattern
between the interdigitating processes of podocytes (Fig-
ure 2C). After TGF-B1 treatment, the overall density of
Z0O-1 staining was markedly decreased, and its zipper-
like staining pattern was changed to a continuous belt
along the cell borders (Figure 2D).

TGF-B1 Inhibits Expression of the
Slit-Diaphragm Protein Nephrin in Podocytes

Nephrin is a slit diaphragm protein that plays an essential
role in establishing an effective glomerular filtration. Mu-
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Figure 3. TGF-B1 inhibits nephrin expression
in podocytes. A and B: RT-PCR demonstrates
that TGF-B1 inhibited nephrin mRNA expression
in podocytes. Podocytes were cultured in RPMI
1640 medium supplemented with 100 nmol/L
1,25-dihydroxyvitamin D; and 1 wmol/L all-
trans retinoic acid, followed by treating with
either the same concentration of TGF-B1 (2 ng/
ml) for various periods of time as indicated (A)
or increasing amounts of TGF-B1 for 72 hours
(B). RT-PCR amplification of housekeeping
B-actin was performed in an identical manner to
serve as controls. C and D: Quantitative deter-
mination of nephrin mRNA abundance after nor-
malization with B-actin. Data are presented as
mean * SEM of three experiments. *P < 0.05
versus controls.
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tations or down-regulation of nephrin is associated with a
defective filtration barrier, causing proteinuria.® Cultured
mouse podocytes expressed little nephrin under normal
differentiating conditions; however, significant nephrin
expression was observed when they were incubated in
the medium containing active vitamin D and retinoic acid,
as recently reported.?® Using this culture system, we ex-
amined the effect of TGF-B1 on nephrin expression in podo-
cytes. As shown in Figure 3, A and C, TGF-B1 at a concen-
tration of 2 ng/ml repressed nephrin mRNA expression in a
time-dependent manner. Similarly, TGF-B1 could inhibit
nephrin expression in different concentrations ranging from
0.5 to 5 ng/ml (Figure 3, B and D). Together with the data
presented above, these results suggest that TGF-B1 is able
to induce podocyte dedifferentiation by suppressing P-cad-
herin, ZO-1, and nephrin expression.

TGF-B1 Induces Mesenchymal Markers
and Interstitial Matrix in Podocytes

We next investigated whether TGF-B1 induces a mesen-
chymal conversion of podocytes. To this end, the expres-
sion of desmin, an intermediate filament protein, was
examined in podocytes after TGF-B1 treatment. As illus-
trated in Figure 4, incubation of podocytes with TGF-B1
induced desmin mRNA and protein expression in a time-
and dose-dependent manner. Immunostaining also dem-
onstrated clearly the induction of desmin-positive inter-
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Figure 5. TGF-B1 induces interstitial matrix
type I collagen and fibronectin expression in
podocytes. A and B: RT-PCR analysis demon-
strates that TGF-B1-stimulated type 1 collagen
(A) and fibronectin (B) mRNA expression in
podocytes. C: Western blot analysis shows that
TGF-B1 induced fibronectin protein expression
in a time- and dose-dependent manner. D: Im-
munofluorescence staining demonstrates the dep-
osition and extracellular assembly of fibronectin by
the control and TGF-B1-treated podocytes.

mediate filaments in the cytoplasm of podocytes after
TGF-B1 treatment (Figure 4C).

We also examined the expression of interstitial ma-
trix components in podocytes on TGF-B1 stimulation.
As shown in Figure 5, A and B, incubation of podocytes
with TGF-B1 induced de novo expression of interstitial
matrix components. Podocytes at basal conditions
barely expressed interstitial type | collagen and fi-
bronectin. However, after TGF-B1 stimulation, podo-
cytes began to express an impressive amount of type
| collagen and fibronectin mMRNA. Western blot analysis
and immunofluorescence staining also revealed a re-
markable induction of fibronectin protein, which was
assembled and deposited in the extracellular compart-
ment (Figure 5, C and D).

TGF-B1 Stimulates MMP-9 Expression and
Secretion by Podocytes

We further investigated the MMP-9 and MMP-2 expres-
sion in podocytes after TGF-B81 treatment by a wide
variety of approaches, including RT-PCR, zymographic
analysis, Western blot, and immunostaining. As shown
in Figure 6A, MMP-9 mRNA was dramatically induced
by TGF-B1 in podocytes. Zymographic analysis of the
conditioned media demonstrated that TGF-B1 induced
a marked increase in MMP-9 protein expression and
secretion, and such MMP-9 induction was both time-
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Figure 6. TGF-B1 induces MMP-9 production and secretion by podocytes. A: RT-PCR analysis demonstrates that TGF-B1 induced MMP-9 and MMP-2 mRNA
expression in podocytes. Mouse podocytes were incubated with TGF-B1 (2 ng/ml) for various periods of time or with increasing amounts of TGF-B1 for 72 hours.
B: Zymographic analysis of the conditioned media derived from podocytes treated without (control) or with TGF-B1 as indicated. Samples equalized for protein
content were separated on a 10% sodium dodecyl sulfate-polyacrylamide gel containing 0.1% gelatin. The locations of bands corresponding to MMP-9 and MMP-2
are indicated. C: Western blot analysis of the conditioned media from podocytes treated without (control) or with TGF-B1 as indicated. D: Immunofluorescence
staining demonstrates the distribution of MMP-9 in the control and TGF-B1-treated podocytes. Scale bar = 10 um.
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Figure 7. TGF-B1 impairs the filtration barrier function of podocyte mono-
layer. A: Schematic depiction of the paracellular permeability influx assay.
Podocyte monolayer on collagen-coated Transwell filters was incubated
without or with TGF-B1 for 48 hours, and albumin permeability across
podocyte monolayer was then determined. B: Graphic presentation of the
albumin influx across podocyte monolayer. Duration of albumin incubation
is shown on x-axis. Data are presented as means = SEM, n = 6. *P < 0.05
versus control.

and dose-dependent (Figure 6B). The striking induc-
tion of MMP-9 by TGF-B1 in podocytes was indepen-
dently confirmed by Western blot analysis of the con-
ditioned media (Figure 6C). TGF-B1 also marginally
induced MMP-2 mRNA and increased MMP-2 secre-
tion (Figure 6, A and B). Of interest, MMP-9 protein was
apparently aggregated on the surface of podocytes
after TGF-B1 treatment, as shown by immunofluores-
cence staining (Figure 6D). This pattern of MMP-9
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distribution suggests a high local concentration of its
protein in certain areas of cell surface.

TGF-B1 Impairs the Filtration Barrier Function of
Podocytes

To assess the functional consequence of podocyte
EMT, we examined the filtration barrier function of
podocyte by using a paracellular permeability influx
assay.®* As depicted in Figure 7A, this simple assay
measured the albumin flux rate across the differenti-
ated podocyte monolayer. Differentiated podocytes
were incubated with TGF-B1 for 48 hours to induce
podocyte EMT, and then subjected to albumin influx
assay. As shown in Figure 7B, compared with the
controls, TGF-B1 treatment resulted in a greater albu-
min influx across the podocyte monolayer. These re-
sults indicate that the filtration barrier function of podo-
cytes is severely impaired after the phenotypic
conversion triggered by TGF-B1.

Snail Mediates the TGF-B1-Triggered
P-Cadherin and Nephrin Suppression in Podocytes

Snail transcription factor has been shown to play a critical
role in mediating E-cadherin suppression during EMT in
various model systems.*¢*” To investigate the potential
involvement of Snail in podocyte EMT, we examined the
expression of Snail in podocytes after TGF-B1 treatment.
As shown in Figure 8A, Snail MRNA began to increase as
early as 1 hour, reached the peak at 3 hours, and sus-
tained at least to 72 hours. These results demonstrate an
early, marked induction of Snail expression in the podo-
cyte EMT induced by TGF-B1.

To examine the role of Snail induction in podocyte EMT, we
investigated the P-cadherin expression in podocyte overex-
pressing Snail. As demonstrated in Figure 8B, ectopic expres-
sion of exogenous Snail markedly suppressed the cell-cell
adhesion receptor P-cadherin. Similarly, Snail overexpres-
sion also caused nephrin suppression (Figure 8, C and
D). These results indicate that Snail induction is rele-

> Figure 8. Snail mediates the TGF-B1-triggered P-
cadherin and nephrin suppression in podocytes. A:
RT-PCR shows that TGF-B1 induced Snail mRNA
expression in a time-dependent manner. Podocytes
were incubated with TGF-B1 (2 ng/mD) for various

)

- nephrin periods of time as indicated. B: Forced expression of
Snail suppresses P-cadherin expression in podocytes.
— B-actin Podocytes were transiently transfected with Snail ex-

pression vector (pHA-Snail) for 72 hours. Snail, P-
cadherin, and B-actin expression was assessed by
RT-PCR. Podocytes transiently transfected with
empty vector pcDNA3 plasmid were used as nega-
tive control, whereas podocytes treated with TGF-81
served as a positive control. € and D: Ectopic expres-
sion of Snail inhibits nephrin expression in podo-
cytes. C: Nephrin mRNA expression was assessed by
RT-PCR. Quantification of nephrin mRNA abundance
was performed after normalization with B-actin. Data
are presented as mean * SEM of three experiments.
*P < (.05 versus controls. TP < 0.05 versus pcDNA3
control.
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vant to EMT and mediates the TGF-B1-triggered P-
cadherin and nephrin suppression in podocytes.

Podocyte EMT in Vivo

To assess the possibility of podocyte EMT in vivo, we
examined the expression of key EMT markers in the
glomeruli of diabetic nephropathy. A mouse uninephrec-
tomized-streptozotocin diabetic model was used, as de-
scribed previously.*° At 3 months after injection of strep-
tozotocin, mice developed diabetic nephropathy, as
demonstrated by glomerular hypertrophy, mesangial ex-
pansion, and matrix deposition.®® Heavy albuminuria
and proteinuria developed at this time point, as re-
ported previously.®° However, the WT-1-positive podo-
cytes were completely preserved (Figure 9, A and B),
suggesting that podocyte loss may not be the initial
cause of albuminuria. Podocytes in diabetic kidney ex-
pressed an increased TGF- type | receptor (TBR-I) (Fig-
ure 9C), underscoring that these cells are susceptible to
TGF-B1 stimulation in vivo. Immunohistochemical studies
showed an induction of desmin in the glomeruli of dia-
betic kidneys (Figure 9D), which was specifically local-
ized in glomerular podocytes. Similarly, MMP-9 expres-
sion was also substantially up-regulated in podocytes in

Podocyte EMT 305
AJP February 2008, Vol. 172, No. 2

Figure 9. De novo expression of desmin and
MMP-9 and suppression of nephrin in podocytes
of diabetic kidney in vivo. A and B: Determina-
tion of podocyte numbers of diabetic kidney at 3
months after STZ injection in uninephrecto-
mized mice. A: Kidney sections from the control
and diabetic mice were stained immunohisto-
chemically for WT-1. The WT-1-positive podo-
cytes were counted in 10 randomly chosen glo-
meruli and the averages of podocyte numbers
per glomerulus were calculated. B: Data are ex-
pressed as mean * SEM of five animals per
group. C: Specific up-regulation of TGF-B type I
receptor (TBR-D in the glomerular podocytes of
diabetic kidney. Kidney sections from the con-
trol and diabetic mice were stained with anti-
TBR-I antibody. D: De novo expression of
desmin and MMP-9 and suppression of nephrin
in podocytes of diabetic kidney. Kidney sections
from the control and diabetic mice were stained
with specific antibodies against desmin, MMP-9,
and nephrin, respectively. Representative micro-
graphs are shown. Arrowheads indicate posi-
tive staining. Scale bars = 25 um.
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the diabetic kidneys. Conversely, the expression of the
slit diaphragm protein nephrin was down-regulated (Fig-
ure 9D). Hence, it appears that podocytes undergo a
mesenchymal transition after injury in vivo.

We also studied several EMT-related markers by
immunohistochemical staining in human kidney sam-
ples. As shown in Figure 10, compared to normal con-
trols, ZO-1 and nephrin largely disappeared in the
glomeruli of human diabetic kidneys. In contrast, Fspl,
also known as S100A4, a cytoskeleton-associated, cal-
cium-binding protein that is normally expressed in fi-
broblasts but not epithelia,®® was specifically induced
in glomerular podocytes of diabetic kidney. Similarly,
desmin and MMP-9 were also induced markedly in
human glomerular podocytes under pathological con-
ditions (Figure 10). Of note, these patients developed
different degrees of proteinuria ranging from 1.3 to
11 g per 24 hours. These results suggest that podocyte
EMT occurs in vivo as well and presumably leads to
podocyte dysfunction.

Discussion

Podocyte dysfunction is a principal feature of many protein-
uric kidney diseases.''*° Despite the obvious importance

Nephrin

|ewioN
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Figure 10. Podocyte EMT in human diabetic nephropathy. Representative micrographs show the immunohistochemical staining for mesenchymal markers Fspl,
desmin, and MMP-9, as well as epithelial markers ZO-1 and nephrin, in human kidney sections. Loss of ZO-1 and nephrin and acquisition of Fspl, desmin, and
MMP-9 were evident in the podocytes of human diabetic kidney, comparing with normal controls. Arrowheads indicate positive staining. Scale bar = 40 um.
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of the podocyte in establishing the glomerular filtration bar-
rier, exactly how various injurious stimuli cause the podo-
cyte to behave differently in pathological states remains
ambiguous. The results presented in this study demonstrate
that podocytes are capable of undergoing EMT after injury,
and this phenotypic conversion causes the podocyte to
lose its specialized epithelial features and to acquire new
mesenchymal markers. It is conceivable that podocytes
after EMT will abandon their complex morphological archi-
tecture and relinquish their highly specialized functions,
which undoubtedly impairs the integrity of glomerular filtra-
tion barrier, leading to the onset of proteinuria. Therefore,
our present findings provide a novel and rational illumina-
tion of some cellular events leading to podocyte dysfunction
and proteinuria in response to injury.

The observation that podocytes undergo EMT suggests
an incredible plasticity of these terminally differentiated cells
in certain pathological conditions. Given that podocyte and
tubular epithelial cells are developmentally derived from the
same origin,“° it comes as little surprise that podocytes,
similar to tubular epithelial cells, undergo a phenotypic con-
version after TGF-B1 stimulation. Podocyte EMT is sup-
ported by the loss of epithelial P-cadherin, ZO-1, and neph-
rin, and the acquisition of mesenchymal Fspl, desmin,
collagen |, and fibronectin. Because P-cadherin, ZO-1,
and nephrin are important components of the slit dia-
phragm cell adhesion complexes,®'" their loss will cer-
tainly lead to podocyte dedifferentiation and impair the
integrity of the slit diaphragm. It is conceivable to spec-
ulate that the zipper-like cell-cell junctions of podocytes,
as illustrated in ZO-1 staining (Figure 2C), could be the in
vitro equivalent of the primitive interdigitating secondary
foot processes. Therefore, loss of this zipper-like junction
after TGF-B1 treatment may, to some degree, imitate the
foot process effacement observed in vivo. This specula-
tion is experimentally corroborated by a functional para-
cellular albumin flux assay, in which the podocyte mono-
layer after TGF-B1 treatment displays increased albumin
permeability. Therefore, our observations support the no-
tion that podocyte dedifferentiation, as manifested by the
loss of P-cadherin, ZO-1, and nephrin, could lead to a
defective filtration barrier function.

It is important to emphasize that the loss of podocyte
epithelial features after TGF-B1 stimulation is accompanied
by the induction of mesenchymal markers, such as desmin,
Fspl, fibronectin, and type | collagen, underscoring a phe-
notypic conversion. Desmin, an intermediate filament pro-
tein, has long been suggested as a podocyte injury indica-
tor the expression of which is often up-regulated in various
glomerular diseases in which podocyte damage is in-
volved.*"*2 Although little is known about its function in
podocytes, induction of desmin is a common feature of the
mesenchymal cell activation in different organs. In this con-
text, de novo expression of desmin could be a reliable,
pathophysiologically relevant marker for podocyte EMT.
Similarly, Fspl, a fibroblast-specific protein that is absent in
epithelial cells,® could serve as a valuable marker for podo-
cyte EMT. Podocytes normally produce type IV collagen
and laminin, the major components of the GBM on which
they reside. By producing the interstitial matrix components
type | collagen and fibronectin, podocytes have adapted a

mesenchymal phenotype after injury, which could pro-
foundly change their functions. Of note, podocytes may not
undergo EMT in a synchronized fashion after injury, and
therefore a whole spectrum of podocytopathies that reflect
different stage of podocyte EMT could be envisioned in vivo.
It is also worthwhile to point out that in many circumstances
podocytes could only endure a tendency of EMT after in-
jury, and they may seldom undergo a complete phenotypic
conversion that results in the cells resembling typical
fibroblasts.

One interesting observation in the present study is the
striking induction of MMP-9 expression after TGF-B1 stim-
ulation in podocytes. Increased MMP-9 mRNA and pro-
tein expression by podocytes would lead to an aug-
mented secretion of this MMP, as demonstrated by
gelatin zymographic analysis. Because the specific sub-
strates for MMP-9 are type IV collagen and laminin,*? the
major components of GBM, elevation of the secreted
MMP-9 would inevitably cause the remodeling of GBM,
thereby altering its composition and impairing its struc-
tural and functional integrity. Disruption of the delicate
balance of GBM composition, per se, has been shown to
cause the onset of proteinuria, as reported in genetic
Alport syndrome and in laminin B2-deficient mice.** In
this context, podocyte dysfunction after injury also indi-
rectly impairs the glomerular filtration barrier by altering
GBM composition through elevated MMP-9.

Increased MMP-9 protein tends to aggregate on the
surface of podocytes after TGF-B1 stimulation, as re-
vealed by immunostaining. This novel finding is some-
what unexpected because MMP-9 is a secreted, soluble
protein. Aggregation of MMP-9 protein on podocyte sur-
face would not only prevent it from being washed away
by glomerular filtrate but also drastically increase the
local concentration of this protease, enabling it to effi-
ciently degrade its specific substrates. The podocyte
surface has been divided into apical, basal, and junc-
tional membrane domains, with different locations, pro-
tein compositions, and functions.*® Depending on where
MMP-9 aggregate is formed, it would have a profound
impact on podocyte functions through an assortment of
feedback mechanisms. Because the basal domain is
responsible for anchoring the podocyte to the underlying
GBM, deposition of MMP-9 aggregates there would se-
lectively degrade type IV collagen and laminin, leading to
an altered GBM composition. This will in turn adversely
affect podocyte behavior via outside-in integrin signaling.
If MMP-9 protein aggregates on the junctional membrane
domain of podocyte surface, it could impair the integrity
of the cell-cell adhesion slit diaphragm that comprises
numerous trans-membrane proteins such as nephrin,
Neph-1, Neph-2, and P-cadherin. Along this line, it is of
interest to note that Neph-2 has recently been shown to
be cleaved from podocyte by metalloproteinases.*® Fi-
nally, podocyte apical domain proteins such as podo-
calyxin are often detectable in the urine under patho-
logical conditions,*” suggesting a potential role of the
proteases in shedding these proteins. Together, in-
creased MMP-9 could exacerbate podocyte functions
by multiple mechanisms.



It appears clear that TGF-B1 is a potent trigger for
podocyte EMT. This is in harmony with many observa-
tions that TGF-B1 triggers tubular EMT, and its expres-
sion is up-regulated in virtually every type of chronic
kidney disease.?**® Qverexpression of TGF-B1 in trans-
genic mice causes the development of proteinuria and
glomerulosclerosis. ' The importance of TGF-B1 in podo-
cyte dysfunction is also highlighted by the fact that it can
integrate the actions of other pathogenic mediators such
as high glucose and angiotensin Il. Notably, TGF-B type
| receptor, which determines the target specificity of
TGF-B action, is specifically up-regulated in glomerular
podocytes of diabetic kidney (Figure 9C), suggesting
that podocytes are susceptible to TGF-B1 stimulation
under pathological conditions. Although it remains elu-
sive as to the mechanism underlying TGF-B1 action, the
observation that it induces Snail expression underscores
that it is capable of targeting the key EMT-regulatory
genes. It should be noted that podocytes may respond
differently to TGF-B stimulation according to its specific
concentrations, and a high concentration of TGF-B1
causes podocyte apoptosis.®® However, as shown in this
study, TGF-B1 is able to induce phenotypic conversion at
a concentration as low as 0.5 ng/ml in which significant
apoptosis is not evident.*® This suggests that EMT per-
haps is an early and predominant response of podocytes
in most pathophysiological conditions.

The notion of podocyte EMT offers a completely new
explanation for how injury causes podocyte dysfunction,
which leads to the impairment of glomerular filtration
barrier and proteinuria. At present, the prevalent view on
the pathogenesis of podocyte lesions leading to protein-
uria in many common glomerular diseases is emphasized
on podocyte loss. Podocyte depletion undoubtedly
contributes to a defect of the glomerular filtration, since
reduction of podocyte numbers in otherwise healthy
kidney, per se, in experimental animal models causes
proteinuria.’®'” However, many studies indicate that
proteinuria is an early event that precedes podocyte
depletion in most circumstances.'® In this study, we show
that when albuminuria was eminent in a mouse model of
diabetic nephropathy,®° podocyte numbers per glomer-
ulus are unaltered (Figure 8). This is consistent with a
recent observation that in aging nephropathy podocytes
are well preserved when proteinuria develops.®® There-
fore, podocyte loss may not be the initial cause of pro-
teinuria. This view is in harmony with clinical observations
demonstrating that proteinuria is a reversible process, at
least in the early stage, that can recover spontaneously or
after therapeutic intervention.

Based on the data presented, it is tempting to propose
that EMT is a potential pathway leading to podocyte
dysfunction and represents an early cellular event caus-
ing a defective glomerular filtration and proteinuria, al-
though we cannot exclude the role of podocyte foot pro-
cess effacement in this process. Of interest, foot process
effacement, per se, could be viewed as a consequence
of podocyte dedifferentiation, thereby representing a part
of the EMT process. Our EMT hypothesis emphasizes the
phenotypic alterations of podocytes, rather than their
loss, as the primary cause of podocyte dysfunction lead-
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Figure 11. Schematic presentation of podocyte responses after injury. De-
pending on the severity and duration of the injury, podocytes may respond
to injurious stimuli in different ways, including hypertrophy, dedifferentia-
tion and mesenchymal transition, detachment, and apoptosis. EMT could be
a primary pathway leading to podocyte dysfunction, proteinuria, and glo-
merulosclerosis in the vast majority of chronic kidney diseases.

ing to proteinuria in many common glomerular diseases.
As depicted in Figure 11, we speculate that podocytes
respond to injurious stimuli in different ways, depending
on the severity and duration of the injury. The initial re-
sponse of podocytes to an injury may be cell hypertrophy
(stage 1), an adaptive change in cell size in an attempt to
compensate for any lost function. At this stage, no pro-
teinuria occurs. However, if the injury is progressive and
prolonged, podocytes will undergo EMT (stage ), a phe-
notypic conversion that results in the loss of highly spe-
cialized podocyte features and gain of new mesenchy-
mal markers. This leads to an impaired glomerular
filtration barrier, thereby ensuring the onset of proteinuria.
More severe and/or longer injury would induce podocyte
detachment from GBM and/or apoptosis, resulting in
podocyte loss (stage lll), which certainly aggravates pro-
teinuria and leads to glomerulosclerosis. The involvement
and relative contribution of these podocyte responses in
a given disease model may be different. For instance,
podocyte hypertrophy may be a predominant feature in
aging nephropathy, whereas cell depletion could be a
major finding in nephrotoxin-induced proteinuric glomer-
ular diseases. It is conceivable that for many common
glomerular diseases such as diabetic nephropathy, EMT
could be a primary pathway leading to podocyte dys-
function, proteinuria, and glomerulosclerosis.
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